Various types of male gametes, such as spermatozoa, spermatids and spermatids obtained after the in-vitro division of secondary spermatocytes, were injected into the in-vitro matured bovine oocytes in order to examine the possibility of utilizing in-vitro derived spermatids for intracytoplasmic injection. There were no significant differences in the development of bovine oocytes injected with various types of male gametes (cleavage rate, 31.0-37.8%; morula rate, U.l-18.2%,-blastocyst rate, 4.4-11.4%). Similarly, 22.0% of sham-injected oocytes (injection of medium plus polyvinylpyrrolidone) cleaved parthenogenetically but none of them developed to morula stage. There were no significant differences in embryo quality (assessed by cell number) of blastocysts obtained by the injections of various types of male gametes (124.0 ± 9.6-152.5 ± 153). This study demonstrates that various types of spermatogenic cells can be used for intracytoplasmic injection of oocytes to produce viable embryos.
Introduction
Intracytoplasmic sperm injection (ICSI) is a promising technique for treating patients with severe male subfertility (Van Steirteghem et al, 1993a,b) and for the conservation of endangered species (Goto, 1993) . Normal live offspring have been bom following ICSI in the rabbit (Hosoi et al, 1988) , cow (Goto et al, 1990) , human (Palermo et al., 1992) , sawfly (Hatakeyama et al, 1994) and mouse (Ahmadi et al, 1995) . So far, in most of the published papers, spermatozoa were used for intracytoplasmic injection.
Male germ cells complete their meiosis long before fertilization, and the youngest haploid stage, the round spermatid, then undergoes a series of profound structural and biochemical modifications in the testis and epididymis to become a functional spermatozoon. However, since the spermatid nucleus contains a haploid set of chromosomes that are almost certainly imprinted (McGrath and Solter, 1984; Surani et al, 1984; Monk, 1988; Barton et al, 1991) , we can expect zygotes of full developmental potential when such nuclei are introduced directly into the cytoplasm of mature oocytes. In fact, Ogura et al (1994) reported that when mouse spermatids were fused with oocytes, some of the resulting zygotes developed into normal mice. In addition, Sofikitis et al (1994) reported that the intracytoplasmic injection of a round spermatid nucleus resulted in embryonic and fetal development in the rabbit In the human, Vanderzwalmen et al. (1995) reported the successful fertilization of a human oocyte by the intracytoplasmic injection of a late-stage spermatid and Fishel et al (1995) and reported pregnancy and birth after spermatid injection into oocytes. These reports demonstrated that the nuclei of spermatids can provide the paternally-imprinted chromosomes needed for full embryonic development. Furthermore, recent work shows that the imprinting is probably complete by the latest at the secondary spermocyte stage in mice (Kimura and Yanagimachi, 1995b) . In spite of these interesting findings, it is not known whether oocytes injected with in-vitro derived spermatids (spermatids obtained after the division of secondary spermatocytes) have a similar capability of development Therefore, we conducted an experiment to examine the developmental potential of bovine oocytes injected with in-vitro derived spermatids.
Materials and methods

Collection and maturation of oocytes
The ovaries were collected from cows at a local slaughterhouse and brought to the laboratory in physiological saline (0.85% W/V sodium citrate) at 37°C within 3 h. FoUicular oocytes (cumulus-oocyte complexes) were collected by aspirating follicles of 2-8 mm diameter with a needle. These were matured in vitro as described previously (Goto et al, 1988) .
Preparation of male gametes and culture of secondary spermatocytes
Testes and epididymides were collected from three mature bulls (one bull/occasion) immediately after slaughter and brought to the laboratory on ice within 3 h. Testicular tissue was washed with tissue culture medium (TCM) 199 (Gibco, Grand Island, NY, USA) supplemented with 12.5 mM HEPES (Nakarai, Kyoto, Japan) and 5% calf serum (Gibco). After washing, testicular tissue was minced into small pieces with a pair of scissors and the cells in the seminiferous tubules were released into the medium by repeated pipettings. The cell suspension was filtered through a mesh (50 urn, N50; Abe Kagaku, Qnba, Japan) to remove cell aggregates and tissue debris and the filtrate containing various types of cells was collected. A small drop (20 (il) of nitrate was placed on the centre of the culture dish (35 mm; Termo, Tokyo, Japan) surrounded by small drops (20 ul/drop) of culture medium covered with mineral oil (Squibb, Princeton, NY, USA). The majority of cells obtained by this method were primary spermatocytes, round and elongated spermatids, spermatozoa and red blood cell contamination. Through a careful examination of filtrate drops, we also found a few presumptive secondary spermatocytes but enough for the purpose of this experi-mcnt Late stages (probably late zygotene-diplotene) of primary spcnnatocytcs (>20 urn in diameter) were easily identified from round and elongated spermatids because the former were much larger. Spermatozoa and red blood cells (~5 um in diameter) were easily identified by their very small size and characteristic features. Round spermatids were also distinguished easily because they were characterized by their small size (9-11 um in diameter), a round nucleus and the presence of acrosomic granule adjacent to the nucleus. In contrast, differentiation of secondary spermatocytes from the early stages (probably preleptotene-early zygotene) of primary spermatocytes was not easy but was eventually done as follows. We first collected the cells (presumptive secondary spermatocytes) which were -12-15 (im in diameter and cultured them in vitrv for 18 h (described below). The majority of these cells did not complete their meiotic divisions in culture but we found a few pairs of cells (enough for the purpose of this experiment) loosely connected together (probably by intercellular bridges) and each cell having the characteristic features of round spermatids. By this method we confirmed that at least some of the presumptive secondary spermatocytes had indeed been correctly identified but only after culturing them for 18 h in vitro. It was helpful to place spermatids close to the cells (presumptive secondary spermatocytes) which were required for comparison of their size and features. Using the above criteria, the presumptive secondary spermatocytes, round spermatids and spermatozoa were aspirated individually from a drop of filtrate into a small glass pipette (inner diameter, 20-25 |im), which was connected to a micromanipulator, and then each cell type was transferred to separate drops (50-100 cells/drop) of culture medium surrounding the drop of filtrate. The round spermatids and spermatozoa were used for injection immediately after collection, but the presumptive secondary spermatocytes were cultured in 20 ul drops (-50-100 cells/drop) of culture medium (TCM 199 + 12.5 mM HEPES + 5% calf serum) supplemented with epinephrine (1 Ug/ml) and norepinephrine (1 ug/ml) for 18 h at 35°C in 5% CO 2 in air. Both epinephrine and norepinephrine are known to facilitate the viability of meiotic prophase spermatocytes of rats in testicular cell culture (Nagao, 1989) . Only the round spermatids derived from secondary spermatocytes after 18 h culture were used for injection. All the micromanipulation procedures were carried out at room temperature (25-30°C).
Epididymal spermatozoa were collected separately from three different parts of epididymis (caput, corpus and cauda) by dissecting and/or squeezing the epididymis. They were then washed with culture medium by centrifugation at 600 g for 10 min and used for injection.
Ejaculated spermatozoa were collected from the same bulls (n = 3) 1 week before they were slaughtered and were stored in liquid nitrogen (-196°C) , using glycerol as a cryoprotectant (Goto et al., 1989a) . On the day of injection, me spermatozoa were thawed at 35°C and washed with culture medium by centrifugation at 600 g for 10 min.
Injection of spermatozoon or spermatid into oocyte
Matured cumulus-oocyte complexes were treated with hyaluronidase (1 mg/ml, Type I-S; Sigma, St Louis, MO, USA) for 3 min, and the cumulus cells surrounding oocytes were partially removed by pipetting. The oocytes were then activated by a 10 min incubation in 50 uM calcium ionophore (A23187; Calbiochem, La Jolla, CA, USA) 1-2 h before injection.
The isolated spermatozoa and spermatids were transferred into culture medium supplemented with 6.6% polyvinylpyrrolidone (PVP) (K-90; Wako, Osaka, Japan). Injection of the spermatozoon or spermatid was carried out as described by Goto et al (1990) . Briefly, the oocyte was held by holding pipette (inner diameter 10-20 (im, outer diameter 100-140 um) and the injection pipette (inner diameter 6-7 um, outer diameter 8-9 urn) containing a single spermatozoon or spermatid was introduced deeply into the oocyte cytoplasm, its membrane having first been broken by aspiration. The cell was injected into the ooplasm with a small amount of medium. The injected oocytes were then incubated in 50 uM calcium ionophore (10 min) 30-90 min after injection. Prior to injection, individual spermatozoa were immobilized by damaging the plasma membrane of the midpiece by exerting pressure with the tip of the injection pipette. Similarly, the plasma membranes of individual spermatids were partially damaged before aspirating into a narrow injection pipette. This process disrupted the spermatid membrane completely when the entire spermatid was aspirated into the injection pipette. It was helpful to make a small incision (~3-5 um in width) on the surface of the culture dish (Goto et al, 1989b) by using a microblade (K-715; Feather Ind. Ltd., Gifu, Japan), and then to introduce the round spermatid onto the incision to prevent its movement during the process of membrane disruption.
Sperm (or spermatid)-injected oocytes as well as the control oocytes were injected with medium plus PVP only (sham injection, without spermatozoon or spennatid), and were cultured under the same invitro conditions.
Culture of injected and control oocytes and the examination of the number of nuclei per blastocyst
Injected and control oocytes were co-cultured with granulosa cells in TCM 199 medium supplemented widi 12.5 mM HEPES, 1 mM sodium pyruvate and 1 % calf serum for 8 days as described previously (Goto et al, 1990) . After 8 days of culture, embryos that had developed to blastocysts were air-dried and the number of cells counted (Tokumaru et al, 1989) . Briefly, the embryos were treated with hypotonic solution (0.5% sodium citrate) and then fixed with acetic acid:methanol (1:3). After staining with 5% Giemsa solution, the total number of cells was counted under a microscope.
Statistical analysis
Each experiment was replicated on three different occasions (one bull's sample/occasion) and the proportion of injected oocytes that developed to each stage was compared by a x 2 test incorporating Yates' continuity correction. Differences in the mean numbers of cells per blastocyst between groups were assessed by Student's f-test.
Results
There were no significant differences in cleavage rates (31.0-37.8%) of bovine oocytes injected with various types of male gametes under the experimental conditions used (Table I) . Neither were any significant differences observed in development rates to morula and blastocyst stages (11.1-18.2% and 4.2-11.4% respectively) between seven injected groups of oocytes. In contrast, 22% of control oocytes cleaved pathenogenetically but none of them developed to morula stage. The embryo quality of blastocysts assessed by total cell number did not differ between the seven injected groups (Table II) . Although we did not intend to examine the chromosome composition of embryos in this experiment, we could see the presence of a normal number of chromosomes including the X and Y chromosomes in the metaphase plates of two out of four blastocysts obtained by the injection of in-vitro derived spermatids. The remaining two blastocysts also had metaphase plates but their chromosome configuration was not clear enough to examine the presence of sex chromosomes. 
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Discussion
This study demonstrated, for the first time, that bovine oocytes injected with in-vitro derived spermatids are capable of developing to blastocyst stage. In contrast, sham-injected oocytes (injection of medium plus PVP only) cleaved pathenogenetically but none of them developed to the morula stage. The developmental block of sham-injected bovine oocytes at the pre-morula stage has already been reported (Goto et al, 1990; Pavasuthipaisit et al., 1994) . Blastocysts obtained by spermatid injection had a similar number of cells compared with those of in-vivo derived blastocysts (Tokumaru et al., 1989) , suggesting a good quality of embryos. Furthermore, the normal number of chromosomes, including X and Y chromosomes, in some embryos obtained after the injection of in-vitro derived spermatids indicated the involvement of paternal chromosomes in at least some of the normallydeveloped blastocysts. The rate of development of injected oocytes to the blastocyst stage was low in this experiment, in common with others (Li et al, 1993; Iwasaki and Li, 1994) .
One of the reasons for this low development rate is that bovine oocytes cannot be successfully activated by the simple injection of spermatozoa into oocytes (Keefer et al, 1990) . This is very different from human, rabbit and mouse ICSI. 1994; Pavasuthipaisit et al., 1994) . However, the most effective method for the activation of bovine ICSI oocytes has not yet been established. Therefore, it is important to develop a new method of activating bovine ICSI oocytes in order to obtain higher rates of fertilization and development Recently, Tesarik and Sousa (1995) reported a higher rate of fertilization by applying activation stimuli to human ICSI oocytes. They suggested that the failure of oocyte activation is the main cause of fertilization failure after ICSI in humans. Furthermore, Hoshi et al. (1995) succeeded in achieving the birth of a "ir Figure 2 . In-vitro cultured presumptive secondary spcnnatocytes. Only one (arrow) out of five presumptive secondary spermatocytes divided into spermaldds after 18 h of in-vitro culture in this picture (-X375). human baby by activating human ICSI oocytes with A23187. Therefore, the establishment of bovine ICSI may help to develop a new human ICSI protocol. Currently we are working on this aspect.
Another important aspect of this study was that the different stages of spermatogenic cells were used in the same experiment, and the results suggested that all stages of spermatogenic cells used had a similar fertilizing ability to that of ejaculated spermatozoa when they were injected into mature oocytes.
Using in-vivo derived spermatids, offspring have been bom in the rabbit, mouse and human after intracytoplasmic injection (Sofikitis etal, 1994; Kimura and Yanagimachi, 1995a; . Therefore, the present results in conjunction with others suggest that, not only in-vivo derived spermatids, but also in-vitro derived spermatids (obtained after the division of secondary spennatocytes in vitro) may be used for intracytoplasmic injection.
Spermatozoa may not be available in some azoospermic men, and spermatid injections may help in cases with maturational arrest at the spermatid stage, which could be identified by testicular biopsy (Edwards et al, 1994) ; also spermatids may be obtained from ejaculated semen in some cases . In addition, this technique may help men with histologically earlier types of spermatogenic arrest if spennatocytes or spermatogonia can be cultured to spermatids (Edwards et al., 1994) . In this respect, the present results may find an application in the treatment of male infertility. Further extension of our study includes the culturing of spermatogonia to spermatids in vitro, as suggested by Edwards et al. (1994) , but we have not yet been successful. Although culture conditions for secondary spennatocytes were not examined in this study, co-culture of spermatogenic cells with Sertoli cells is known to improve the viability and meiotic division of spennatocytes (Nagao, 1989; Russoulzadegan et al., 1993) Therefore, further development of spermatogenic cell cultures using a co-culture system will be the next step towards our final goal.
Recently, epididymal and testicular spermatozoa have begun to be used for human ICSI and pregnancies and offspring have been achieved (Tournaye et al, 1994; Schoysman et al, 1993; Silber et al, 1995; Tucker et al, 1995) . In this study we used different maturational stages of spermatozoa from the same bull for each replicate and observed the similar rates of development to morula and blastocyst stages. This suggests that structural and biochemical maturation of spermatozoa is not required for embryonic development of oocytes when spermatozoa are injected into ooplasm.
In summary, the present results suggest that spermatids obtained after the in-vitro division of secondary spennatocytes and injected into the cytoplasm of bovine oocytes have the capability to promote development to the blastocyst stage. Furthermore, the quality of blastocysts obtained by spermatid injection was comparable to that of in-vivo derived blastocysts (Tokumaru et al., 1989) when assessed by nucleus number. This finding may have an application in the treatment of male infertility due to defective spermatogenesis or spermiogenesis. However, this possibility should be confirmed and checked more carefully by further animal experiments before its clinical introduction.
